The spindle assembly checkpoint is an important surveillance mechanism that ensures high fidelity mitotic chromosome segregation. This is accomplished by monitoring whether sister chromatids lack tension or attachment to spindle microtubules. It is mediated by checkpoint complexes or individual proteins that inhibit the ubiquitin ligase activity of the anaphase-promoting complex/cyclosome (APC/C) via targeting of the Cdc20 regulatory subunit. The Bub1 kinase is a key spindle checkpoint regulatory protein. Bub1 also plays more pleiotropic roles. Thus, Bub1 is required for assembly of a functional inner centromere, sister chromatid cohesion via targeting of the Shugoshin protein, and metaphase congression. Evidence based on Bub1 mutations in colorectal cancers suggests it might be a driving force in tumorigenesis via generation of chromosomal instability (CIN) and aneuploidy. Recently we reported a surveillance mechanism linking loss of Bub1 to activation of the p53 pathway, specifically premature cell senescence in normal human fibroblasts. Interestingly, SV40 large T antigen (LT) targets Bub1 and this is correlated with oncogenic transformation and compromise of the spindle checkpoint. Future studies on Bub1 combining genetic approaches with analysis of LT perturbations are likely to yield further insight.
AbsTRAcT
The spindle assembly checkpoint is an important surveillance mechanism that ensures high fidelity mitotic chromosome segregation. This is accomplished by monitoring whether sister chromatids lack tension or attachment to spindle microtubules. It is mediated by checkpoint complexes or individual proteins that inhibit the ubiquitin ligase activity of the anaphase-promoting complex/cyclosome (APC/C) via targeting of the Cdc20 regulatory subunit. The Bub1 kinase is a key spindle checkpoint regulatory protein. Bub1 also plays more pleiotropic roles. Thus, Bub1 is required for assembly of a functional inner centromere, sister chromatid cohesion via targeting of the Shugoshin protein, and metaphase congression. Evidence based on Bub1 mutations in colorectal cancers suggests it might be a driving force in tumorigenesis via generation of chromosomal instability (CIN) and aneuploidy. Recently we reported a surveillance mechanism linking loss of Bub1 to activation of the p53 pathway, specifically premature cell senescence in normal human fibroblasts. Interestingly, SV40 large T antigen (LT) targets Bub1 and this is correlated with oncogenic transformation and compromise of the spindle checkpoint. Future studies on Bub1 combining genetic approaches with analysis of LT perturbations are likely to yield further insight.
InTROducTIOn
The Bub1 kinase was first identified in yeast genetic screens aimed at identifying genes causing hypersensitivity to the spindle poison benomyl. 1 Mammalian counterparts were later identified for Bub1 as well as the functionally related proteins Mad1, Mad2, Mad3 (BubR1 in mammals), Bub3 and Mps1. All of these proteins perform critical roles in an important cellular surveillance mechanism known as the spindle assembly checkpoint (reviewed in ref. 2) . A critical component of this checkpoint is kinetochores, which are large proteinaceous structures assembling at the centromeres at the onset of mitosis. Kinetochores are important for attachment of chromosomes to spindle microtubules, organizing microtubule dynamics associated with chromosome movement along the spindle, and for generating a signal that halts anaphase progression (a wait signal). The spindle checkpoint monitors if all kinetochores are bipolarly attached to microtubules and under tension. Elegant experiments where single kinetochores were ablated by laser demonstrated that even a single unattached kinetochore is sufficient to generate a robust checkpoint signal, thus demonstrating an amazing sensitivity. 3 In contrast to most other checkpoint responses, the spindle assembly checkpoint operates during every mitosis before kinetochores have achieved proper attachment. Although the mechanisms that sense lack of tension are still poorly understood, the 3F3/2 antibody, which recognizes a tension-sensitive phospho-epitope, has been instrumental. Recently, it was demonstrated that Plk1 is the major kinase responsible for generating this signal. 4 Additional evidence implicates Aurora B kinase in tension sensing. 5 Interestingly, there is evidence that individual spindle checkpoint proteins respond to different spindle defect cues, resulting from either lack of tension or attachment. [6] [7] [8] While the nature of the signal and how it is transduced is still largely elusive, the ultimate outcome of the checkpoint is clearly an inhibition of the anaphase-promoting complex/cyclosome, APC/C. The APC/C is a complex E3 ubiquitin ligase whose main targets include cyclin B and securin. Cyclin B destruction is associated with mitotic exit, whereas securin degradation allows separase to become active and cleave cohesin, the protein responsible for sister chromatid cohesion. Dissolving the sister chromatid bond allows anaphase progression. Mitosis is an extremely important but precarious process, Bub1 whereby the duplicated genetic material has to be separated equally into the daughter cells. The spindle assembly checkpoint constitutes an elaborate mechanism to safeguard this process and ensure accurate chromosome segregation.
How does the generated checkpoint signal regulate the actions of the APC/C? There appears to be several mechanisms by which this could work. Cdc20 is a critical regulatory subunit of the APC/C required for its activation. A mitotic checkpoint complex (MCC) has been identified that consists of Mad2, BubR1 and Bub3 that apparently acts to inhibit Cdc20 by direct binding. 9 However, one of the potential caveats is that this MCC is present and active throughout the cell cycle, which leads to the hypothesis that the APC/C is somehow sensitized in mitosis to inhibition by MCC. Furthermore, there is evidence that multiple APC/C inhibitory mechanisms exist. Recent evidence shows one way the checkpoint can be dynamically activated or relieved. For example, the APC/C can directly ubiquitinate Cdc20, apparently not causing its degradation, but instead breaking up the inhibitory complex with Mad2 and BubR1. 10 Conversely, a de-ubiquitinating enzyme USP44 cleaves off the ubiquitin chains allowing inhibition by Mad2/ BubR1. 11 Hence, regulation of the spindle checkpoint is a delicate balance.
bub1: A MuLTI-FuncTIOnAL spIndLe checKpOInT pROTeIn
As previously stated, the Bub1 protein plays an important role in the spindle assembly checkpoint. This might reflect Bub1 function at many levels of mitosis and chromosome segregation. Domains and other features of Bub1 are outlined in Figure 1 . Bub1 is constitutively associated with the Bub3 protein via a short GLEBS motif, which is important for its kinetochore targeting. 12, 13 Bub1 also appears to be in a complex with BubR1. 14 The importance of Bub1 kinase activity was initially challenged, since it does not appear to be required for efficient spindle checkpoint activity in budding yeast, 15 nor for kinetochore recruitment of other spindle checkpoint components in Xenopus. 16 However, recent experiments have shown that in fission yeast the kinase activity is required for checkpoint function, and cdc2 phosphorylation is instrumental for Bub1 activation in response to spindle damage. 17 Furthermore, in Xenopus the kinase activity of Bub1 is not required for spindle checkpoint responses to high concentrations of spindle poison but shows a clear defect at lower concentrations, thus demonstrating an impaired response to subtler kinetochore perturbations. 18 The phosphorylated forms of Bub1 were associated with the chromosome fraction, which might reflect the site of activation. 18 Finally, in mammalian cells, Bub1 can directly inhibit the APC/C in a catalytic fashion by phosphorylating the Cdc20 protein, presumably rendering it unable to activate the APC/C. 19 A nonphosphorylatable Cdc20 mutant exhibits a partial spindle checkpoint defect and cannot be inhibited by Bub1 in vitro, suggesting it may be a key target. Not only does Bub1 regulate APC/ C, but also the reverse is true. Bub1 is, dependent on its KEN-boxes, degraded by the APC/C-Cdh1 complex as cells exit mitosis. 20 Whereas all the spindle checkpoint proteins localize to the kinetochore at some point in mitosis, their temporal appearance is sequential rather than simultaneous. Bub1 is already localized at the centromere in G 2 or early prophase, before most other spindle checkpoint proteins. 21 Studies with RNAi or antibody depletion in Xenopus extracts indicate that Bub1 plays an key role for recruitment of other checkpoint and motor proteins such as Mad1, Mad2, BubR1, CENP-E and Plk1. 16, 22, 23 Xenopus extract depletion experiments clearly demonstrate that Bub1 plays a fundamental role for assembly of a functional inner centromere, in fact acting as a "master organizer". 24 These studies directly show that Bub1, in a kinase-dependent manner, is important for proper localization of the chromosomal passenger complex that includes Aurora B, Survivin and INCENP. At least INCENP appears to be directly phosphorylated by Bub1. 24 Previously it was demonstrated that Bub1 is directly involved in protecting sister chromatid cohesion by controlling centromeric localization of the Shugoshin protein (SgoI). [25] [26] [27] Bub1 control of SgoI is dependent on its ability to localize PP2A to centromeres by a yet unknown mechanism. 28 Although many functions of Bub1 are generally mediated by and dependent on kinetochore localization, some are clearly not. For example, in Xenopus extracts, soluble Bub1 was sufficient in a kinase-dependent fashion for chromatin localization of SgoI. 24 Similarly, cytosolic Mad2 and BubR1 uniquely play a role in mitotic timing, apparently independent of their checkpoint functions at the kinetochore. 23 In addition to the roles of Bub1 in the spindle checkpoint, centromere structure, and sister chromatid cohesion, it was also observed that Bub1 is required for normal metaphase congression. 22, 29 RNAi studies initially led to conflicting views regarding the requirement of Bub1 in the spindle checkpoint. 22, 29 A likely reconciliation of these results may emerge when considering the different degrees of Bub1 depletion by RNAi. Thus, a partial Bub1 depletion led to failed congression and activation of a spindle checkpoint arrest, 22 whereas a more complete depletion eliminated spindle checkpoint function. 29 bub1 LInKs TO cIn, p53, sV40 And cAnceR Much enthusiasm stems from the original demonstration that Bub1 mutations can be found in colorectal carcinomas exhibiting chromosomal instability (CIN), which is a state where whole chromosomes are gained or lost. 30 These mutant Bub1 proteins likely act as dominant negative alleles with respect to the spindle checkpoint, since only one allele is mutated. This original observation lent further credence to the theory dating back to Boveri that aneuploidy can be a driving force in tumorigenesis rather than merely being a consequence. 31 It remains an attractive hypothesis that a spindle checkpoint protein when mutated can cause CIN, aneuploidy, and increased propensity for cancer, but it is by no means proven yet (reviewed in ref. 32 ). Most solid tumors are indeed aneuploid, and often this is a result of underlying CIN. 33 We know now that mutations in spindle checkpoint genes are rare, although a weakened spindle checkpoint appears to be a common feature in tumors. 32 In some cases expression of spindle checkpoint proteins is reduced epigenetically. 34 In other cases it appears, paradoxically, that spindle checkpoint proteins are upregulated in tumors. [35] [36] [37] [38] In the case of Mad2, upregulation was shown to promote tumorigenesis, suggesting that any perturbation of spindle checkpoint proteins might drive cells into genomic instability, which might in turn facilitate tumorigenesis. 39, 40 Recent reports indicate that tumor suppressors like BRCA1 and oncogenes such as c-myc are involved in regulation of spindle checkpoint genes, which might account for some of their roles in oncogenesis. 41, 42 Furthermore, a truncated BRCA2 allele causes growth arrest, which is overridden by mutations in Bub1, leading to neoplastic transformation. 43 Strikingly, these results suggest that tumors triggered by loss of BRCA2 function are facilitated by impairment of the spindle checkpoint. Perhaps the most compelling causative link between spindle checkpoint gene mutations, aneuploidy, and cancer comes from the observation that individuals with the rare disease known as mosaic variegated aneuploidy are cancer prone and carry biallelic germline mutations in BubR1 that ostensibly compromise the checkpoint. 44, 45 Why are spindle checkpoint gene mutations apparently not more common? A likely answer comes from analysis of targeted mouse knockouts of spindle checkpoint genes. Null mutants of Mad2, BubR1 and Bub3 are invariably early embryonic lethal. [46] [47] [48] Mad2 heterozygotes are susceptible to formation of long latency lung adenocarcinomas, 49 and in the case of a BubR1 hypomorph mouse, it is more susceptible to tumors when treated with carcinogens but undergoes no spontaneous tumorigenesis. 50 In some cases severe aneuploidy was observed but without an increased tumor incidence. 51 Thus, the current evidence that spindle checkpoint perturbations are sufficient via genomic instability to induce tumors is relatively weak, but probably still significant. Evidence indicates that complete loss of the spindle checkpoint is often lethal, but a weakened checkpoint likely cooperates with other genomic changes to facilitate tumorigenesis. Given mutations of Bub1 in human tumors, the obvious question arises as to whether Bub1 is in some way linked to the p53 tumor suppressor pathway (Fig. 2) . We recently showed that shRNA-mediated silencing of Bub1 in primary human fibroblasts induces premature senescence. 52 The senescence response is accompanied by p21 CIP1 induction and is p53/ p21 CIP1 -dependent. Interestingly, we also found that Bub1, as well as BubR1, were downregulated in replicatively senescent cells. Combined Bub1 knockdown and p53 inactivation caused severe aneuploidy concomitant with a compromised spindle checkpoint. Most previous Bub1 studies were conducted in HeLa cells, where the p53 pathway is inactivated due to integrated human papillomavirus, thus precluding an analysis of p53 effects. Our experiments showed that Bub1 could be knocked down 90% in normal human fibroblasts without overt loss of viability. Given the plethora of Bub1 functions that may seem surprising. However, the cells, even when maintained under continuous selection, undergo alterations that within relatively few passages restore Bub1 levels, suggesting there is strong selective pressure to reexpress Bub1.
Our observations are consistent with other recent reports connecting spindle checkpoint proteins to p53. For example, total loss of Mad2 in mouse fibroblasts yields viable cells only when p53 is also deleted. 53 Cells with total loss of Mad2/ p53 have no spindle checkpoint and suffer extreme CIN. These results clearly demonstrate that loss of spindle checkpoint activity in mammalian cells is not intrinsically lethal, but can be tolerated in certain contexts. Additional evidence supports a potential link between the spindle checkpoint and p53. Cells from BubR1 hypomorph mice accumulate high levels of p53 and p21 CIP1 . 54 Similar results were observed with cells from Bub3 and Rae compound heterozygous mice. 55 Strikingly, the BubR1 hypomorph mice exhibit an early aging phenotype concomitant with progressive aneuploidy, and the fibroblasts senesce prematurely. 54 It will be interesting to elucidate whether Bub1 also plays a role in organismal aging, especially since aging fibroblasts downregulate Bub1 expression. Likewise, it will be important to further delineate what lesion triggers the senescence response and whether it involves a DNA damage response as observed with telomere and oncogene-induced senescence. 56, 57 In parallel with RNAi-mediated depletion experiments we have also used SV40 large T antigen (LT) as a tool to analyze Bub1 function. 52, 58 We previously demonstrated that LT binds Bub1, attenuates the spindle checkpoint, and oncogenically transforms cells in a Bub1 binding dependent manner. 58 Our observations indicate that Bub1 binding is important for the ability of LT to cause genomic instability (Gjoerup OV, Roberts TM, unpublished) . This might contribute to tumor formation induced by LT in long-term assays. LT has traditionally been known for its ability to immortalize primary cells via pRB and p53 binding activities. 59 Interestingly, we found that in the absence of pRB/ p53 binding it can actually induce cellular senescence via Bub1 binding. 52 This suggests that LT at one level partially inactivates Bub1, since it mimics the Bub1 RNAi phenotype. Other evidence suggests LT effects on Bub1 are more complex. For example, we found that LT induces p53 phosphorylation on Ser37 in a Bub1 binding dependent manner (Fig. 3) . In vitro, purified Bub1 directly phosphorylates p53 on Ser37. The significance of Ser37 phosphorylation of p53 has not been established but it might be involved in senescence induction. 60 Strikingly, Bub1 RNAi could efficiently deplete the p53 phospho-Ser37 levels (but not phospho-Ser15) in LT-expressing cells. These observations are consistent with LT also exerting a scaffolding role connecting Bub1 to p53 and allowing its phosphorylation. It remains possible that LT redirects Bub1 to target other proteins as well. It is our firm belief that studies of the LT/ Bub1 interaction will continue to reveal new intriguing facets of Bub1 function and regulation.
FuTuRe dIRecTIOns: nOVeL FuncTIOns OR TARGeTs OF bub1?
Inhibition of the spindle checkpoint or its components might be a feasible therapeutic strategy. 32, 61 Certainly microtubule inhibitors have a long-standing record of success in cancer treatment, and Aurora kinase inhibitors also show promise. In fact, inhibition of BubR1 and Mad2 induces apoptosis in cancer cells within a few divisions. 62, 63 Based on our results, the prediction is that the outcome in normal fibroblasts at least will be mainly p53-dependent senescence. 52 It is possible that modest aneuploidy can facilitate tumorigenesis, whereas a more severe aneuploidy derived from spindle checkpoint inhibition pushes tumor cells over the edge. 32 A recent study with CENP-E heterozygous mice demonstrated that aneuploidy indeed can both promote and suppress tumorigenesis depending on context and severity. 64 An area of future study will be to elucidate if spindle checkpoint compromised cells show increased sensitivity to DNA damaging drugs.
When targeting spindle checkpoint components it is worth recalling that these often have multiple functions, some outside of mitosis. Mad1 and Mad2 localize to the nuclear pore complex, 65, 66 Mad2 plays a role in a DNA replication checkpoint, 67 Bub3 associates with histone deacetylases to repress transcription, 68 and BubR1 is involved in aging and apoptosis regulation as well as the DNA damage response. 54, [69] [70] [71] Evidence from Drosophila indicates that incomplete DNA replication signals to Bub1. 72 Genetic studies in budding yeast suggest that all the spindle checkpoint genes are connected to the DNA damage response. 73 Gross chromosomal rearrangements could be suppressed by deleting spindle checkpoint genes. In yeast, the spindle checkpoint is not required for viability. The authors conclude that either the mitotic checkpoint is somehow activated by DNA damage or the mitotic checkpoint proteins function during interphase. 73 They reason that activation of the spindle checkpoint delays cell cycle progression allowing gross chromosomal rearrangements to form, whereas in the absence of a spindle checkpoint the cells continue with damaged DNA and die. This is an interesting concept, which will need to be assessed in mammalian cells as well. In spite of years of research on Bub1, we still know relatively little about its upstream and downstream regulation. Already now it is clear that its modus operandi transcends the spindle checkpoint, but we need to identify its relevant targets as well as any novel functions that might exist outside of mitosis.
